Zinc supplementation decreases the morbidity of lower respiratory tract infection in pediatric patients in the developing world. We sought to determine if zinc mediates a specific inhibitory effect against the major cause of pediatric lower respiratory tract disease, respiratory syncytial virus (RSV). We determined the in vitro inhibitory effect of three zinc salts (zinc acetate, lactate, and sulfate) on the replication of RSV at various concentrations of 10 and 1 mM and 100 and 10 M. The degree of inhibition of RSV replication was examined in the presence of zinc during preincubation, adsorption, or penetration and was compared with that caused by salts of other divalent cations. Complete inhibition of RSV plaque formation was observed at 1 and 10 mM, representing reductions that were >10 6 -fold. At the lowest concentration tested, 10 M, we observed >1,000-fold reductions in RSV yield when zinc was present during preincubation, adsorption, penetration, or egress of virus. The therapeutic indices, determined as ratios of 50% toxicity concentration to 50% inhibitory concentration, were 100, 150, and 120 for zinc acetate, zinc lactate, and zinc sulfate, respectively. The inhibitory effect of zinc salts on RSV was concentration dependent and was not observed with other salts containing divalent cations such as calcium, magnesium, and manganese. RSV plaque formation was prevented by pretreatment of HEp-2 cell monolayer cultures with zinc or by addition of zinc to methylcellulose overlay media after infection. The results of this study suggest that zinc mediates antiviral activity on RSV by altering the ability of the cell to support RSV replication.
Respiratory syncytial virus (RSV) is the most important viral cause of acute respiratory tract infection (ARI) in infancy and early childhood, with its greatest morbidity in infants (6, 8, 9) . Throughout the world, RSV contributes significantly to annual hospital admissions due to ARI, especially during the epidemic season (18, 23, 27) . In developing countries, malnutrition and deficiencies of micronutrients are associated with increased incidence and severity of ARI (25) . Improvement in nutritional status might be a practical strategy for prevention of severe RSV disease in developing countries, if efficacious. At this time, however, we have a poor understanding of the role of micronutrients such as zinc in susceptibility to severe disease caused by RSV infection.
Zinc supplementation in children in developing countries was demonstrated to cause a significant reduction in the prevalence of pneumonia (3, 20) . Zinc has been shown to mediate antiviral effects against certain viruses. Clinical studies showed that zinc significantly shortens the duration of symptoms during rhinovirus infection (17, 19, 28) . Topical application of zinc sulfate also was found in one study to be effective in the treatment of herpes simplex virus (HSV) infection (26) . The specific mechanism by which zinc mediated these clinical effects is unknown in most cases. Zinc also enhances the host response to many infections and plays an important role in the homeostasis of the immune system (12, 21, 24) . Zinc deficiency, often seen in the context of malnutrition, is associated with an impaired cellular immune response (2, 4) .
Several studies have examined the direct inhibitory effect of zinc on viruses that infect the human respiratory tract, including the enveloped virus HSV and the nonenveloped virus rhinovirus (7, 13, 14) . The mechanism of inhibition of rhinovirus likely involves direct binding of zinc to virus particles (13) . Zinc also inhibits the replication of human immunodeficiency virus type 1 (HIV-1) (10), vaccinia virus (11) , and polioviruses (15) in vitro. Although zinc supplementation reduces the incidence of severe clinical pneumonia in the developing world, the effect of zinc on replication of the primary agents of viral pneumonia in infants such as RSV is unknown. We determined the in vitro inhibitory effect of three zinc salts (acetate, lactate, and sulfate) on RSV in virus yield or virus plaque reduction assays by treatment of wild-type RSV strain A2 at various concentrations of 10 and 1 mM and 100 and 10 M. Because of the dramatic effect of reduction of RSV when zinc was present throughout the virus replication cycle, we also sought to determine the stage of virus replication that was inhibited. The degree of virus inhibition was examined in the presence of zinc during preincubation with the cell culture monolayer or during viral adsorption, penetration, or budding and was compared with that mediated by salts of other cations at similar concentrations. The experiments suggest that zinc inhibits RSV by altering the ability of cells to support RSV replication rather than by a direct effect on the virus.
MATERIALS AND METHODS
Cells and virus. HEp-2 cell monolayer cultures were maintained in Opti-MEM I medium (Life Technologies, Gaithersburg, Md.) supplemented with glutamine, amphotericin B, gentamicin, and 5% fetal calf serum. Opti-MEM I medium, which contains less than 3.4 nM zinc in the form of zinc sulfate, was used as mock treatment for the experiments. Working stocks of the virus were prepared by propagation in HEp-2 cell monolayer cultures at 37°C after infection at a multiplicity of infection (MOI) of 0.1 PFU/cell. When a significant cytopathic effect was detected, the supernatant was collected, clarified, aliquoted, and stored in cryovials at Ϫ70°C until used. The endpoint plaque titer of the virus stock used was 5.3 log 10 PFU/ml.
Zinc solutions. USP-grade zinc acetate (AMEND Chemical, Irvington, N.J.), or zinc lactate or sulfate (Sigma Chemical, St. Louis, Mo.), was used in all experiments. Calcium acetate, magnesium sulfate, and manganese sulfate (Sigma Chemical) were used as divalent cation control salts. Stock solutions of 250 mM salts were prepared in deionized water and were sterilized by passage through a 0.22-m-pore-size syringe tip filter.
Zinc cytotoxicity. The cytotoxic effect of zinc salts on HEp-2 cell monolayer cultures was assessed by addition of salts in cell culture media to 90% confluent cell culture monolayers in a 24-well plate and by incubation at 37°C for 96 h. At the end of the incubation period, cells were trypsinized and were gently resuspended in medium and cell viability was assessed with trypan blue exclusion.
Treatment with zinc salts. An equal volume of virus was combined with various concentrations of zinc salt or control salts in 50 mM morpholinepropanesulfonic acid (MOPS)-buffered Opti-MEM I medium, pH 7.2, in a total volume of 250 l, and the mixture was incubated at 37°C for 2 h. The MOPS buffer was used to prevent alteration or significant variation of pH due to various zinc concentrations, which otherwise would be a confounding variable. Control wells without zinc were treated similarly with MOPS-buffered Opti-MEM I medium. At the end of the incubation period, the zinc-virus mixture was diluted in medium with or without zinc according to the experimental design, and the plaque assay was performed as described below.
Plaque reduction assay. Serial 10-fold dilutions of zinc-virus mixtures were performed. One hundred microliters of suspension was transferred to 90% confluent HEp-2 cell monolayer cultures in 24-well plates (Costar, Cambridge, Mass.). Virus was allowed to adsorb for 2 h at 37°C, overlaid with a semisolid medium containing 0.75% methylcellulose (Sigma Chemical), and incubated at 37°C. At 96 h postincubation, the cells were fixed in 80% methanol at 4°C for 1 h. RSV plaques were stained by an immunoperoxidase staining method with murine RSV F glycoprotein-specific monoclonal antibodies (clones 1269, 1243, and 1129), goat anti-mouse immunoglobulin G-horseradish peroxidase conjugate, and an appropriate precipitating substrate (4CN) (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, Md.). In plaque assays, the virus was diluted to give approximately 90 PFU per well in the absence of inhibitory salts. In addition, some assays were performed during which HEp-2 cell monolayer cultures were pretreated with zinc or control salt for 2 h at 37°C prior to infection with RSV. Experiments were also performed in which zinc salts were present in the experiment only in the semisolid overlay media that was added to the culture after virus absorption and penetration.
Effect of zinc on viral yield. HEp-2 cell monolayer cultures were infected with RSV at an MOI of 0.1 PFU/cell and were allowed to adsorb for 2 h at 37°C. Nonadsorbed virus was removed by washing with phosphate-buffered saline (PBS) three times, and the medium was replaced with medium containing the desired concentration of zinc or control salt. After 96 h, virus was harvested by collecting supernatants from the cultures and was frozen in cryovials and stored at Ϫ70°C pending determination of viral titer.
Effect of zinc on viral penetration. To determine the effect of zinc on viral penetration, HEp-2 cell monolayer cultures were prewashed with ice-cold PBS, infected with RSV at an MOI of 0.1 PFU/cell, and then incubated at 4°C for 2 h. Nonabsorbed virus was removed by washing three times with cold PBS. Medium containing a desired concentration of zinc or control salt was added to the monolayer cultures and was further incubated at 37°C for 4 h. Excess zinc or control salt was removed by washing with PBS and was replaced with complete Opti-MEM I medium without added salts. After a 96-h period of incubation, supernatants containing virus were harvested from the cultures and were frozen in cryovials at Ϫ70°C pending determination of viral titer.
Statistics. Data analysis was performed with SPSS for Windows version 10.0 statistical software (Chicago, Ill.). Percent cell viability was determined by comparing the number and proportion of cells viable in zinc-treated cell culture monolayers to those in mock-treated monolayers. Percent of RSV plaque counts in the presence of zinc or control salts were determined by normalizing the plaque counts for the mock-treated wells to 100%. Mean values were compared by the analysis of variance and Student t test where appropriate. A statistically significant difference was defined as a P of Ͻ0.05.
RESULTS
Zinc toxicity. Figure 1 shows the cytotoxicity of zinc salts on HEp-2 cell monolayer cultures. The toxicity concentration (TC 50 ) for HEp-2 cells was 3, 5, or 7.5 mM for zinc sulfate, 
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acetate, or lactate, respectively. Zinc concentrations between 10 and 100 M did not mediate a cytotoxic effect for HEp-2 cell monolayer cultures that could be detected by visual inspection with light microscopy. Cytotoxicity as determined by cell viability with the trypan blue dye exclusion test was observed at 1 and 10 mM, although more than 50% of the cell monolayer was intact at those concentrations. Zinc inhibits RSV in plaque reduction assay. (i) Effect of zinc on RSV when present throughout adsorption, penetration, and egress. (a) Virus yield. When zinc was present during adsorption, penetration, and egress, there was significant reduction in virus yield, even at the lowest concentration of 10 M, when comparisons were made to mock-treated or control salt-treated wells (Fig. 2) . The mean virus titer in the mocktreated wells was 5.3 log 10 PFU/ml (standard error of the mean [SEM] ϭ 0.7 log 10 PFU/ml) compared to 2.8 log 10 PFU/ml (SEM ϭ 0.7 log 10 PFU/ml) for any of the zinc salts (P Ͻ 0.01). A reduction in viral yield of approximately 10,000-fold or more was observed in the presence of any of the zinc salts at a concentration of 100 M. In contrast, calcium acetate, magnesium sulfate, and manganese sulfate did not show a similar inhibition of RSV even at the highest concentration of 10 mM (Fig. 2) . When zinc was not preincubated with the virus, complete inhibition by zinc salt was observed only with 1 and 10 mM zinc salts, and these reductions were significant compared to those found with the control salts (P Ͻ 0.01). Zinc salts at concentrations of 10 and 100 M did not exert a significant effect on RSV when there was no preincubation.
(b) Plaque formation. To further determine the effect of treating RSV with zinc salts, we examined the effect of zinc on RSV plaque formation under a semisolid overlay, which requires cell-to-cell spread in culture. Figure 3 shows the plaque counts after treatment of RSV with zinc or control salts in a plaque reduction assay with approximately 90 PFU of RSV per well. The inhibitory effect of zinc salts on RSV was concentration dependent and was significantly greater than that during treatment with calcium, magnesium, or manganese salts (P Ͻ 0.001). Complete inhibition of RSV plaque formation was observed in the presence of a 10 mM concentration of any zinc salt, while 88% inhibition (SEM, 4%; P Ͻ 0.001) was seen at 1 mM. Calcium acetate and manganese sulfate salts at concentrations of 10 mM exhibited a minimal inhibitory effect in the plaque reduction assay. At this concentration, calcium acetate caused a mean percent inhibition of 15% (SEM, 9%; P ϭ 0.03), while manganese sulfate caused an inhibition of 21% (SEM ϭ 9%; P ϭ 0.04). The mean percent inhibition of RSV by a 10 or 100 M concentration of any zinc salt was 40% (SEM, 2.7%) or 64% (SEM, 2.6%) respectively (Fig. 3) (P Ͻ 0.001). The therapeutic index, determined as the ratio of TC 50 / 50% inhibitory concentration, was 100, 150, or 120 for zinc acetate, zinc lactate, or zinc sulfate, respectively.
(ii) Effect of zinc on viral penetration. The inhibitory effect of zinc salts on RSV penetration of cells was evaluated (Fig. 4) by separating the process of adsorption from penetration by using temperature shifts, ensuring that zinc salts were added only during viral penetration. Figure 4 shows the effect of zinc and control salts on RSV penetration. A significant inhibitory effect by zinc salts on viral penetration was observed at 100 M, 1 mM, or 10 mM when compared to the effect caused by control salts. A statistically significant effect was not observed with a 10 M concentration of any of the zinc salts. The mean virus titer in the mock-treated cultures was 6.6 log 10 PFU/ml (SEM, 0.2 log 10 PFU/ml).
(iii) Effect of zinc on viral yield after absorption. In order to determine the effect of zinc salts on viral replication (Fig. 5) , virus yields were determined in the presence of zinc salts added only after viral adsorption. A significant reduction in viral yield was observed at 1 mM in the presence of zinc salts, with a mean titer of 1.6 log 10 PFU/ml (SEM, 0.2 log 10 PFU/ml) for any zinc salt compared to 4.7 log 10 PFU/ml (SEM, 0.3 log 10 PFU/ml) in mock-treated or control salt-treated cultures (P Ͻ 0.01). Although some cytotoxicity was observed with 1 mM zinc salts, cells were still able to maintain viral replication. There was a 10-fold reduction in viral yield in the presence of 100 M zinc FIG. 3 . Effect of zinc salts on RSV plaque formation when present during adsorption, penetration, and egress. Plaque counts in the presence of indicated salts in a plaque reduction assay with approximately 90 PFU of wild-type RSV strain A2. RSV was incubated with various concentrations of zinc or control salts for 2 h before infection of HEp-2 cell monolayer cultures. The indicated salts were present during adsorption and were added to the overlay placed after adsorption. Percent plaque count was determined by adjusting the plaque count for the mock-treated cultures to 100. Values indicate the mean values and SEM of three independent experiments. There was a significant difference in inhibition of RSV in zinc treatment experiments compared to those including treatment with calcium, magnesium, or manganese salts (P Ͻ 0.001). There was not a significant difference in percent inhibition between the zinc salts.
FIG. 4.
Effect of zinc salts on RSV yield when present only during virus penetration. HEp-2 cell monolayer cultures were prewashed with ice-cold PBS, infected with RSV at an MOI of 0.1 PFU/ml, and incubated at 4°C for 2 h. Nonabsorbed virus was removed by repeated washing three times with cold PBS; medium containing zinc or control salt was added, and further incubation at 37°C for 4 h took place. Excess salt was removed and replaced with Opti-MEM medium. After 96 h of incubation at 37°C, virus was harvested and titers were determined. Virus titers represent means for three independent experiments.
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on September 7, 2017 by guest http://aac.asm.org/ salts, a difference that was not significant when compared to yield associated with mock-treated or control salt-treated wells (P ϭ 0.97). Zinc salts at 10 M concentration did not exert a significant inhibitory effect on viral yield. The mean viral yield in the supernatant was 4.7 log 10 PFU/ml (SEM, 0.2 log 10 PFU/ml) with any zinc salt at a concentration of 10 M, which was similar to the yield in mock-treated or control salt-treated cultures.
(iv) Effect of zinc on plaque formation when applied only before or only after absorption. Addition of zinc salt to the semisolid overlay media after infection significantly prevented RSV plaque formation by preventing cell-to-cell spread (Fig.  6 ). When HEp-2 cell monolayer cultures were pretreated with zinc prior to infection of the monolayer with 90 PFU of virus/ well, a concentration-dependent inhibitory effect was observed with zinc salt compared to control salts. The difference was significant even at the lowest zinc concentration tested, 10 M (P ϭ 0.03) (Fig. 7) .
DISCUSSION
The results of our study demonstrate that zinc salts inhibit RSV in vitro. The inhibition is concentration dependent and specific. The salts of other divalent cations, such as calcium, magnesium, and manganese, do not mediate a similar inhibition. At the lowest concentration of 10 M, we were able to observe a 800-fold reduction in virus when zinc was present during preincubation, adsorption, penetration, and egress. Similar to the behavior that we observed, zinc ions inhibited in vitro replication of viruses such as rhinovirus (13) , HSV (1), HIV (10), and vaccinia virus (11) . Both laboratory-adapted and clinical isolates strains of HSV were inhibited by 100 M zinc sulfate (1, 14) . The degree of inhibition of these viruses was influenced by the duration of treatment with zinc salt. However, complete inhibition was observed at a concentration 50 to 5,000 times higher than observed in our study. Zinc compounds at 100 g/ml inhibited HIV infection in vitro (10) , though an effect on HIV syncytium formation was not observed at this concentration. This finding is in contrast to our observation, i.e., that zinc not only inhibited RSV replication but also prevented plaque formation, even when added in the semisolid overlay media only after virus infection of the cell monolayer. We observed a difference in the magnitude of the inhibition of plaque formation and that of virus yield, with virus yield more significantly inhibited. Previous studies have demonstrated that the mechanisms of viral budding and viral attachment and fusion with cells differ from the mechanisms involved in cell-cell fusion. Also, the yield experiments were performed under conditions in which multicycle growth curves were studied, which may have accentuated the magnitude of virus inhibition. The inhibitory effect that we observed was not due simply to cytotoxic effect on the culture monolayer, since more than 50% of the area of the cell culture monolayer was intact during the plaque assay.
Zinc salts also prevented RSV plaque formation when present on the cell monolayer only prior to viral infection. The significant effect of zinc salts on viral yield and penetration observed in this study suggests that the inhibitory effect of zinc salt is mainly due to an alteration of the ability of cells to support viral replication. Previous electron microscopy studies with HSV demonstrated massive deposition of zinc onto HSV virions, which interfered with viral glycoprotein-mediated membrane fusion (15) . In contrast, the inhibitory effect of zinc salts on RSV that we observed in this study is likely due to FIG. 5 . Effect of zinc salts on RSV yield when added only after absorption and/or penetration. HEp-2 cell monolayers were infected with RSV at an MOI of 0.1 PFU/cell and were then allowed to adsorb for 1 h at 37°C. Nonadsorbed virus was removed by washing with PBS three times, and the medium was replaced with medium containing the desired concentration of zinc or control salt. After 96 h, virus was harvested from the cultures and frozen at Ϫ70°C pending determination of viral titer. Viral titers represent mean values from three independent experiments. The mean viral yield for the mock-treated culture was 4.7 log 10 PFU/ml (SEM, 0.4 log 10 PFU/ml). The effect of zinc salt on viral yield was concentration dependent and was significantly different from that found with mock-treated and the control salts. A statistically significant difference in viral yield was not observed between the zinc salts.
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ZINC SALTS REDUCE RSV REPLICATION 787 deposition of zinc on or in the cell monolayer, which prevented viral adsorption and subsequent plaque formation. This idea is supported by the observation of reduction in plaque formation when only the HEp-2 monolayer cells were pretreated with zinc prior to infection with RSV. It has been previously demonstrated that there is minimal zinc uptake into cultured cells treated in vitro (16) . We also observed that addition of zinc to semisolid overlay media containing methylcellulose inhibited 
788
on September 7, 2017 by guest http://aac.asm.org/ efficient RSV infection by preventing cell-to-cell spread in culture. This observation further suggests a principal effect on cells, rather than on virions in solution. These data do not completely rule out a contribution of direct binding of zinc to virion particles, since in some of the assays both cells and virion particles were exposed to zinc. Nevertheless, the data as a whole show that the dominant effect is that on the cell substrate. The molecular mechanism of antiviral effect of zinc is not clear in these studies. It has been proposed that zinc may act in several ways to inhibit viruses (15) . Zinc may block the binding of rhinovirus virions to the cell surface by fitting into the canyons on the surface of the virus, thereby preventing attachment to the cell. Alternatively, zinc may block the protease activity in rhinovirus, thereby preventing the breakdown of the virus polypeptide necessary to generate individual functional proteins. Zinc compounds owe their anti-HIV-1 effects to inhibition of HIV-1 DNA-to-RNA transcription, rather than inhibition of the adsorption or penetration, contrary to our observation on RSV in this study (10) .
Our study indicates that HEp-2 cell monolayer cultures, a cell line derived from a human laryngeal carcinoma, appear to be more tolerant of high concentrations of zinc than are many other cell lines that have been examined in vitro. The TC 50 for zinc salts was between 3 and 7.5 mM in our study. This finding is in contrast to the previous observation that zinc concentrations more than 200 M were toxic to the monkey cell line CV-1, human neonatal kidney cells, or the human diploid lung fibroblast cell line MRC-5 (16) . Zinc salts at a concentration of 1 mM or 300 M caused extensive cellular toxicity with destruction of uninfected MRC-5 fibroblast monolayer cell cultures after 1 day of exposure (16) . The TC 50 of zinc compounds on human T-cell lines was between 8 and 550 M; severe toxicity was observed at concentration of 1 mM (16) . The tolerance of the HEp-2 cell line for zinc enabled us to study the inhibitory effect of zinc salts on RSV at a broader range of concentrations than did previous studies of zinc inhibition of rhinovirus, HSV, or HIV.
Zinc mediates a therapeutic effect in vivo in certain viral infections. While some clinical studies showed that zinc significantly shortened the duration of symptoms during rhinovirus infection (5, 17) , other studies showed that zinc had no therapeutic effect (22, 28) . Topical application of zinc sulfate has also been found effective in the treatment of HSV infection in one study (17) . In vitro studies have also demonstrated inactivation of both HSV types 1 and 2 by zinc salts (1, 14) . The therapeutic relevance of zinc in RSV infection is not clear. Our studies were not designed to examine therapy per se. The physiological level of zinc in plasma is 10 to 20 M (24), and only about 10 to 20% of the ingested dose of zinc is absorbed. Although we observed reduction in infectivity with 10 M zinc, complete inhibition was only seen at a concentration about 100-fold higher than the normal plasma zinc level. To achieve systemic concentrations at such levels with oral zinc therapy likely would be difficult without resulting local zinc toxicity such as mucosal ulceration. However, during supplementation and correction of deficiency in zinc-deficient states, the proportion of supplemental zinc that is absorbed increases (4) . This mechanism may explain partially the decrease in incidence of ARI and pneumonia observed in children under 5 years of age with moderate-dosage zinc supplementation in certain developing countries (3). The reduction in incidence of ARI in those populations might also be due to other factors, such as an improvement in immune function.
Zinc enhances host resistance to infection and plays a critical role in homeostasis of the immune system. Zinc deficiency is associated with an impaired cellular immune response and may play a role in the reduced cellular immunity seen in malnutrition (4, 19, 21 ). An imbalance between Th1 and Th2 functions has been reported during zinc deficiency (2, 19) . In human studies, zinc deficiency results in decreased production of interleukin 2 (IL-2) and gamma interferon (cytokines associated with Th1 cells), whereas the production of IL-4, -6, and -10 (cytokines associated with Th2 cells) is not affected (2).
In conclusion, zinc salts inhibited RSV in vitro when present during preincubation, adsorption, penetration or egress. In addition, zinc salts prevented efficient RSV infection by preventing cell-to-cell spread in culture when the HEp-2 cell monolayer cultures were pretreated with zinc only prior to infection with RSV or when zinc was added to semisolid overlay media only after infection. The inhibitory effect was concentration dependent and was not observed during treatment with salts of other divalent cations. The inhibitory effect appears to be due to an effect of zinc salts on epithelial cell ability to support virus replication rather than a direct effect on the virus itself. Studies that examine the role of zinc deficiency and infant zinc supplementation on RSV infection may be important, especially among populations with zinc deficiency. In the absence of zinc deficiency, however, zinc treatment of RSV infection likely would not be tolerated at the concentrations that were observed by us to inhibit RSV replication in this study.
